Abstract. Aluminium (Al) toxicity is one of the main factors restricting barley production in acidic soils. The utilisation of barley cultivars tolerant to Al is one of the most economic strategies for expanding barley production in these soils. Among barley genotypes, the cultivar Dayton has been reported to exhibit the highest level of Al tolerance. The gene conferring Al tolerance in Dayton, Alp, has been mapped to the long arm of chromosome 4H using RFLP markers. However, such markers are not useful for routine marker-assisted selection in breeding programs due to the cost and labour associated with their use. To increase the ease by which marker-assisted selection can be conducted for Alp, we sought to identify microsatellite markers linked to this gene. Several such markers that flank Alp were identified in a mapping population from a cross between Dayton and Harlan Hybrid. The most tightly linked microsatellite markers, HVM68 and Bmag353, flank Alp and are 5.3 cM and 3.1 cM from this locus, respectively. The linkage between Bmag353 and Alp was validated in a separate F 3 population derived from the cross between Dayton and F6ant28B48-16, where this microsatellite marker was found to predict the Al tolerance phenotype with over 95% accuracy. Allele diversity for the 3 most tightly linked microsatellite markers was evaluated among 40 barley genotypes currently used in Australian barley breeding programs. The high levels of polymorphism detected among the genotypes with the markers indicated that the microsatellite markers, especially Bmag353 and Bmac310, will be broadly useful for marker-assisted selection of Alp in breeding programs seeking to improve Al tolerance.
Introduction
Aluminium (Al) toxicity is commonly found on highly weathered acidic soils of the world, due to their acidic nature. Aluminium toxicity limits the cultivation of crops, including cereals such as wheat, barley, rice, and maize (Fageria and Carvalho 1982; Rajaram and Villegas 1990; Kochian 1995; Torres et al. 1997) . Among the small grain cereals, barley is particularly sensitive to Al toxicity (Foy 1983) , although genetic variation for the trait within this crop species exists (Foy et al. 1965; Reid et al. 1969) . In barley, the cultivar Dayton is considered to be one of the most Al-tolerant genotypes, and has been widely used as a source of Al tolerance. The Al tolerance of Dayton has been reported to be conferred by a single gene designated Alp (Reid 1971; Minella and Sorrells 1997) , and this gene has been mapped to the long arm of chromosome 4H by RFLP analysis (Tang et al. 2000) .
Molecular markers for Alp would provide an alternative approach to conventional methods of selection for Al tolerance in barley breeding programs (Tang et al. 2000; Raman et al. 2002) . However, not all molecular markers are suitable for high throughput screening applications. For instance, RFLP-based marker-assisted selection (MAS) of Alp would be both time-consuming and labour-intensive. PCR-based markers such as microsatellites would be more suitable for routine MAS of Alp. In addition to their ease of use, high levels of allelic diversity for microsatellite markers exist, and they also provide high resolution for genetic analysis because of their codominance (Becker and Heun 1995; Liu et al. 1996; Olufowote et al. 1997; Ramsay et al. 2000) . Since a major limitation for MAS in a breeding program is often an absence of useful marker polymorphisms among the parental lines of interest, the high level of allelic diversity detected with microsatellites is particularly advantageous. Furthermore, molecular genotyping with mapped microsatellites can identify 'linkage blocks' associated with a specific gene (Macaulay et al. 2001) , as well as characterise germplasm diversity within a breeding program for specific genes of interest.
The objectives of the present study were to identify microsatellite markers linked to the Alp gene, to validate the use of these markers in more than one population, and to measure levels of allelic variation of these markers in barley germplasm widely used in Australian breeding programs.
Materials and methods

Plant material
The primary population used for microsatellite mapping of Alp was a set of 48 completely genotyped F 2 plants derived from a cross between Dayton (Al-tolerant) and cv. Harlan Hybrid (Al-sensitive). This population was previously used for RFLP mapping of the Alp gene (Tang et al. 2000) . A second population, consisting of 96 F 3 families from a cross between Dayton and the Al-sensitive advanced breeding line F6ant28B48-16 was used to validate linkage relationships between Alp and microsatellite markers identified in the primary mapping population.
DNA extraction
Previously extracted DNA for the Dayton × Harlan Hybrid primary mapping population (Tang et al. 2000) was used for PCR amplifications. DNA from the Dayton × F6ant28B48-16 validation population and a set of barley genotypes used for microsatellite allele diversity analysis (Table 1) was isolated from young leaves collected from 14-day-old seedlings as described previously . Genotypes of F 2 parents of each F 3 family in the validation population were reconstituted for mapping purposes by extracting DNA from bulks of leaf tissue of F 3 progeny for each family.
Al tolerance evaluation
Aluminium tolerance data for the primary mapping population were those used in the study by Tang et al. (2000) . Aluminium tolerance scores for the validation population was obtained by a modified Al pulse-recovery solution culture method (Method 3, Raman et al. 2002) . Fourteen seedlings of each F 3 family in the validation population were screened. The method consisted of surface sterilising seeds in 1.2% sodium hypochlorite for 20 min, and germinating them overnight in the presence of fungicide (Vitavax, Crompton Corporation, USA). Seeds were then laid on plastic mesh rafts and floated in a plastic tub containing 40 L of an aerated full nutrient solution, pH 4.3 (final concentrations of nutrients, in µM: Ca 1000, Mg 400, K 1000, NO 3 3400, NH 4 600, PO 4 100, SO 4 401.1, Cl 78, Na 40.2, Fe 20, B 23, Mn 9, Zn 0.8, Cu 0.30, and Mo 0.1). Iron was supplied as a Fe-EDTA chelate prepared from equimolar amounts of FeCl 3 and Na 2 EDTA. Seeds from each F 3 family were divided in 2 groups of 7 on rafts floated in 2 different tubs of nutrient solution. When poor quality seed or poor germination was encountered in an F 3 family, it was re-screened. Parents were included during the assay as controls. During the course of the experiments, the pH was monitored twice daily and adjusted as needed, and water was added to compensate for water loss. Seedlings were grown in a greenhouse with day/night temperatures of 18/24°C, and a 16-h photoperiod with supplemental lighting. Solution temperatures were maintained at 21°C by immersing the plastic tubs in a temperature-controlled water bath.
Five days after seedling transplantation to the full nutrient solution culture, an Al-pulse treatment was imposed by adding AlK(SO 4 ) 2 to the nutrient solution to obtain a 50 µM Al concentration, and exposing seedlings to this solution for 24 h. The whole roots were then stained with hematoxylin (Polle et al. 1978 ) and transferred to a 'recovery' solution consisting of the full nutrient solution containing 25 µM Al. The staining of the roots enabled a better determination of the position from which root re-growth occurred. The Al concentration in the 'recovery' solution was selected because it revealed maximum differences in root re-growth between parents, as determined from Al dose response curves (data not shown). The recovery stage continued for 3 days, during which daily measurements of root re-growth of the longest seminal root were taken. The measurements were taken from the point of the hematoxylin staining. The root extension rate (RER, mm root re-growth per day) of each individual seedling was calculated. Plants were kept in the 'recovery' solution for an additional 7 days before the transfer to pots in the greenhouse. To confirm the phenotyping using the RER, the F 3 families were visually evaluated for Al tolerance based on lateral and primary root re-growth. The plants showing both re-growth of seminal roots and/or new lateral roots were scored as Al-tolerant (+), whereas the plants failing to show any re-growth or new growth were scored as Al-sensitive (-). A family without an Al-sensitive plant was scored as Al-tolerant homozygous, a family without an Al-tolerant plant was scored as Al-sensitive homozygous, while a family with a combination of Al-tolerant and Al-sensitive seedlings was scored as heterozygous for Al-tolerance. Together, these data were used to determine the complete Alp genotypes of the F 2 parent of each F 3 family.
Microsatellite analysis
Primers for 24 microsatellites mapped on barley chromosome 4HL (Bmac30, Bmac84, Bmac181, Bmac186, Bmac298, Bmac299, Bmac310, Bmac577, Bmag014, Bmag353, Bmag375, Bmag384, EBmac540, EBmac669, EBmac691, EBmac775, EBmac906, EBmacc9, GMS89, HVM3, HVM13, HVM68, HVM77, HVRCABG) were synthesised from published sequences, and were analysed as described previously (Saghai-Maroof et al. 1994; Becker and Heun 1995; Liu et al. 1996; Struss and Plieske 1998; Ramsay et al. 2000) . Amplifications were performed in 12.5-µL reactions containing 50 ηg DNA, 0.2 µg of each primer, 0.2 mM each dNTP, 1.5 mM MgCl 2 and 1× buffer (Gibco-BRL), and 0.5 units of Taq polymerase (Gibco-BRL) in 96-well plates (MJ Research, USA). The PCR cycling profiles for the microsatellite amplifications were as described elsewhere (Saghai-Maroof et al. 1994; Becker and Heun 1995; Liu et al. 1996; Struss and Plieske 1998; Ramsay et al. 2000) . After amplification, 3 µL of denaturing loading dye (100% formamide, 0.1% w/v bromophenol blue, 0.1% w/v xylene cyanol and 10 mM EDTA) was added to each reaction, and further denatured at 94°C for 3 min and snap-cooled, and then an aliquot was separated on denaturing 8% polyacrylamide gels using 1× TBE buffer. The gels were run at 300 V for 4 h, stained with ethidium bromide, and visualised using an UV transilluminator. Some microsatellites were analysed using primers end-labelled with 33 P ATP, as described previously (Martin et al. 2000; Ramsay et al. 2000) .
Genetic mapping of Alp with microsatellites
Genetic mapping of microsatellites in the barley genome relative to both Alp and RFLP markers was completed in the Dayton × Harlan Hybrid population (Tang et al. 2000) . In particular, data for the RFLP loci that were most tightly linked to Alp (Xwg464, Xcdo1395, 
Xbcd1117) were employed here. An integrated linkage map including
Alp, RFLP markers, and microsatellite loci evaluated in this study was generated with the segregation data using Map Manager QTX017b (Manly et al. 2001) . Linkage analysis was performed at a threshold of P = 0.0001 using the Kosambi map unit function (Kosambi 1944). Preferred orders of markers relative to Alp were checked by the 'ripple' command. The microsatellite markers that exhibited dominant segregation (3:1) were not used in the map construction. Chi-square tests were performed to test the goodness of fit of marker and Al tolerance segregation data to Mendelian ratios.
Allelic diversity of microsatellite markers
The 3 microsatellite markers found to be most tightly linked to Alp were evaluated for the level of allelic polymorphism they displayed, within a set of 40 barley genotypes used widely in Australian barley breeding programs (Table 1 ). The allelic frequencies of these markers (HVM68, Bmag353, Bmac310), each of which maps to within 6 cM of Alp, were used to calculate the polymorphic information content (PIC) values as described by Weber (1990) , where p i and p j are the frequencies of the ith and jth alleles and 1-n is the allele frequency detected by each microsatellite:
Different alleles detected by each microsatellite were converted into a numeric scale ranging from 1 to the number of different microsatellite alleles detected in 40 genotypes of barley. The primer sequences of microsatellite markers used in this experiment were:
Bmag353F: 5´-ACTAGTACCCACTATGCACGA-3B mag353R 5´-ACGTTCATTAAAATCACAACTG-3B mac310F: 5´-CTACCTCTGAGATATCATGCC-3B mac310R: 5´-ATCTAGTGTGTGTTGCTTCCT-3H VM68F: 5´-AGGACCGGATGTTCATAACG-3H VM68R: 5´-CAAATCTTCCAGCGAGGCT-3Ŕ
esults
Microsatellite mapping of Alp on chromosome 4HL
Of the 24 microsatellite markers tested, 12 detected polymorphisms between Dayton and Harlan Hybrid, and were used for genetic analysis in the mapping population derived from this cross. Except for Bmac30 and Bmag375, the microsatellites displayed a codominant Mendelian segregation ratio. In contrast, Bmac30 and Bmag375 displayed dominant inheritance. The marker EBmac669 was not linked to any of the other mapped microsatellite or RFLP markers tested, even though it was previously reported to be on chromosome arm 4HL (Ramsay et al. 2000) . The microsatellite markers Bmag353, HVM68, and Bmac310 were tightly linked to Alp (Table 2 , Fig. 1 ). Integration of microsatellite marker data with previously obtained RFLP data for the Dayton × Harlan Hybrid mapping population (Tang et al. 2000) revealed the order of genes to be XEBmac775 -XEBmacc9-XBmac310-XHVM68-Xbcd11 17-Alp-Xcdo1395/Xwg464-XBmag353-XHVM3-XBmac 181-XBmac84 (Fig. 1) . Microsatellite marker GMS89 mapped distal to Bmac84 at a distance of 26.8 cM.
Al tolerance segregation in the Dayton × F6ant28B48-16 population
Validation of linkage between Alp and the microsatellite markers revealed in the Dayton × Harlan Hybrid mapping population was conducted in F 3 families from the Dayton and F6ant28B48-16 cross. Al tolerance was first evaluated in these families by hydroponic culture analysis, where root growth of all plants ceased during the Al pulse stage. During the recovery stage, Dayton consistently showed seminal root regrowth, as well as lateral root growth, whereas F6ant28B48-16 showed very little root re-growth and no lateral root growth. Thus, significant discrimination between tolerant and sensitive responses to Al stress was observed between the parents, as well as among seedlings of the F 3 families. The RER measurements and the visual root assessment provided similar scoring of the F 3 families for Al tolerance. Thus, both screening assays indicated that among 
the 96 F 3 families, 22 were homozygous Al-tolerant, 24 were homozygous Al-sensitive, and 50 were heterozygous. These data fit a codominant monogenic segregation ratio (χ 2 = 0.25; P = 0.88), indicating that, under our screening conditions, a single gene, presumably Alp, encoded the Al tolerance difference between Dayton and F6ant28B48-16.
Validation of a microsatellite marker for Al tolerance
The microsatellite marker Bmag353 was scored in bulked DNA from F 3 individuals for each family of the Dayton × F6ant28B48-16 population and the scores were compared with the Al tolerance data obtained for the same families. The microsatellite marker genotype correctly predicted the Al tolerance of the 92 F 2 parents with 95.8% accuracy. The large size difference between the Dayton and F6ant28B48-16 alleles of Bmag353 permitted this marker to be assayed on agarose (2% low melting + 1% normal agarose) gels, and thus it is particularly well suited for high throughput MAS of Al tolerance in progeny from this cross.
Allele diversity of microsatellite markers
To assess the broad utility of the microsatellite markers linked to Alp, the level of allelic variation at the 3 most tightly linked loci (Bmac310, Bmag353, HVM68) was measured among 40 barley genotypes being used as parents in various Australian breeding programs. The number of alleles present varied from 5 to 9, depending upon the marker (Table 3 ). The PIC values of Bmag353, Bmac310, and HVM68 microsatellites varied from 0.46 to 0.70, and were positively correlated with number of alleles ( Table 3 ). The high PIC values and uniqueness of Dayton alleles at XBmag353 and XBmac310 (Table 3) suggest that these microsatellite markers should be very useful for MAS in breeding programs. Smulders et al. (1997) 
Discussion
The development of Al-tolerant barley cultivars is a high priority in barley breeding programs around the world that face the prospect of producing the crop on acid soils. The availability of molecular markers closely linked to the Al tolerance gene Alp in the Al-tolerant cultivar Dayton should expedite the transfer of Al tolerance from Dayton into sensitive cultivars through MAS. The principal benefits are that MAS can replace laborious Al tolerance screening by traditional methods, and can circumvent masking effects of barley Al tolerance phenotypes due to poor quality seeds or poor seedling growth. Although RFLP markers have been identified for Alp (Tang et al. 2000) , in this study we sought to identify microsatellite markers for this same gene, which are more suited to the high throughput genotypic evaluation of MAS due to their ease of use and relatively low cost. Several microsatellite markers within ~10 cM of Alp were identified, with markers found on both sides of Alp. The most tightly linked flanking markers are within ± 6 cM of Alp, and thus the precision of MAS for Alp with any of these markers will be highly effective for high throughput evaluations by breeding programs, as demonstrated from our validation of one of the markers in the Dayton × F6ant28B48-16 population. The simultaneous use of flanking marker pairs, HVM68 and Bmag353, will further increase the precision of MAS of Alp gene, as demonstrated previously (Raman et al. 2002) . The microsatellite markers for Alp will be more useful than existing RFLP markers linked to Alp for other reasons as well. Since microsatellite markers are known to reveal high degree of variation (Malyshev and Kartel 1997) , it is predicted that microsatellite markers for Alp can be successfully employed across a broader range of crosses than other markers. Furthermore, they have the general added benefit of providing codominant segregation data, although this study and others (Liu et al. 2001; Raman et al. 2002) have indicated that this is not always the case. Our results clearly demonstrate that the microsatellite markers for Alp can be used effectively across a variety of different genetic backgrounds, based upon the high level of allele diversity for the most tightly linked microsatellite markers (Bmac310, Bmag353, HVM68) detected in a collection of barley germplasm used extensively in Australian barley breeding programs. The information on high levels of polymorphism and uniqueness of Dayton alleles of XBmac310 and XBmag353 may also allow the design of optimised strategies for introgressing Al tolerance into germplasm based upon marker pedigrees, and also distinguish marker haplotypes for association genetic studies.
The ability to explore Al tolerance gene diversity in an efficient manner in both cultivated and wild barley germplasm will be important for identifying novel Alp alleles that confer greater Al tolerance, or for identifying new Al tolerance genes. Molecular markers can be employed for this purpose, as has been demonstrated for discriminating among barley disease resistance loci that confer indistinguishable resistance phenotypes (Garvin et al. 1997) . Marker-based assessments of novelty of genes eliminates the need for extensive test crossing, and instead relies upon conservation of linkage to linked markers to determine if a gene is novel. The utility of markers for such analyses of barley Al tolerance is illustrated by our finding that a single gene confers tolerance to aluminium in the breeding line WB229, and that this gene maps to the long arm of 4H (Raman et al. 2002) . The same set of microsatellites associated with Al tolerance in Dayton is also associated with the Al tolerance gene in WB229 (Raman et al. 2002) as well as in the Australian barley cultivar Brindabella (Raman et al. 2001) . This suggests that a common locus is responsible for Al tolerance in these 3 genotypes. Further, since the Al tolerance in Dayton is greater than in the other genotypes, it is possible to conclude that the genotype harbours alternative alleles at this locus. These findings are in agreement with a previous assessment of Al tolerance in barley (Minella and Sorrells 1992) , which used extensive test crosses and evaluations of Al tolerance in multiple barley populations to reach similar conclusions about Al tolerance gene diversity in this crop.
The microsatellite markers that have been identified for Alp in this study will enable the efficient MAS of Al tolerance in barley germplasm. Currently, HVM68/Bmac310 and Bmag353, which flanked Alp, are being used routinely in the New South Wales Agriculture breeding program to monitor Alp introgression into new barley germplasm. The plants showing no recombination between the flanking markers are selected and are being progressed further into the breeding program.
